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Summary
 Plant defense to microbial pathogens is often accompanied by significant growth inhibition.
How plants merge immune system function with normal growth and development is still
poorly understood. Here, we investigated the role of target of rapamycin (TOR), an evolution-
ary conserved serine/threonine kinase, in the plant defense response.
 We used rice as a model system and applied a combination of chemical, genetic, genomic
and cell-based analyses.
 We demonstrate that ectopic expression of TOR and Raptor (regulatory-associated protein
of mTOR), a protein previously demonstrated to interact with TOR in Arabidopsis, positively
regulates growth and development in rice. Transcriptome analysis of rice cells treated with the
TOR-specific inhibitor rapamycin revealed that TOR not only dictates transcriptional repro-
gramming of extensive gene sets involved in central and secondary metabolism, cell cycle and
transcription, but also suppresses many defense-related genes. TOR overexpression lines dis-
played increased susceptibility to both bacterial and fungal pathogens, whereas plants with
reduced TOR signaling displayed enhanced resistance. Finally, we found that TOR antago-
nizes the action of the classic defense hormones salicylic acid and jasmonic acid.
 Together, these results indicate that TOR acts as a molecular switch for the activation of cell
proliferation and plant growth at the expense of cellular immunity.
Introduction
Plants live in complex environments in which they are continu-
ously subjected to attack by microbial pathogens and herbivorous
insects. To survive these conditions, plants have evolved a multi-
layered immune system that is composed of two interconnected
branches, termed pathogen-associated molecular pattern
(PAMP)-triggered immunity (PTI) and effector-triggered immu-
nity (ETI) (Jones & Dangl, 2006). Pattern (PAMP)-triggered
immunity is triggered by the perception of invariant pathogen-
or microbe-associated molecular patterns (PAMPs/MAMPs). In
most cases, PTI is sufficient to impede pathogen colonization
and suppress disease development. Successful pathogens, how-
ever, can disrupt PTI by injecting small effector proteins into the
apoplast or the cytosol of host cells. Plants, in turn, have adapted
to recognize these attacker-specific effectors by means of trans-
membrane or intracellular resistance proteins, triggering ETI
(Jones & Dangl, 2006; Schwessinger & Ronald, 2012).
As both PTI and ETI are associated with the mobilization of a
diverse arsenal of energy-consuming biochemical and physical
defenses, plant immune activation needs to be tightly regulated.
Indeed, ecological and physiological studies have shown that the
activation of stress-adaptive responses often compromises growth
and yield (Herms & Mattson, 1994; Huot et al., 2014). This so-
called growth–defense trade-off is based on the premise that plants
possess a limited pool of resources that demand prioritization
towards either growth or immunity, depending on the prevailing
conditions. As plants must both grow and defend themselves to
survive and reproduce, the maintenance and optimization of the
balance between growth and immunity hold extensive agricultural
importance. However, apart from the involvement of several hor-
mone pathways and leucine-rich repeat receptor kinases
(Belkhadirl et al., 2014; Huot et al., 2014; Lozano-Duran &
Zipfel, 2015; Reitz et al., 2015; Campos et al., 2016), little is
known about the molecular mechanisms and upstream regulatory
components orchestrating growth–defense trade-offs.
One protein that may serve to balance plant growth and defense
is the target of rapamycin (TOR) kinase. Originally identified in
yeast through genetic mutant screens for resistance to the
anti-proliferative drug rapamycin (Heitman et al., 1991), TOR is
conserved in all eukaryotes and functions as a central command
element that drives cellular and organismal growth and
metabolism in response to endogenous and environmental cues
(Dobrenel et al., 2016). The TOR signaling pathway is the focus
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of intensive research efforts in animals because of its role in health,
disease, cancer and aging (Laplante & Sabatini, 2012; Fruman &
Rommel, 2014). TOR proteins are atypical serine/threonine (Ser/
Thr) kinases that belong to the family of phosphoinositide 3-
kinase-related kinases. In yeast and mammals, TOR functions in
two structurally and functionally distinct multiprotein complexes,
named TORC1 and TORC2 (Laplante & Sabatini, 2012).
Although TORC1 and TORC2 are present in a diverse range of
organisms, plants only possess components of the TORC1 com-
plex (Xiong & Sheen, 2015). Recent work in the model plant
Arabidopsis thaliana has revealed that TORC1, which consists of
TOR, Raptor (regulatory-associated protein of mTOR) and LST8
(lethal with SEC13 protein 8), promotes plant growth and cell
proliferation by modulating a myriad of biological processes,
including transcription, translation, ribosome biogenesis,
autophagy, and primary and secondary metabolism (Dobrenel
et al., 2011, 2016; Henriques et al., 2014; Xiong & Sheen, 2014,
2015; Rexin et al., 2015; Xiong et al., 2016; Zhang et al., 2016).
Ectopic expression of Arabidopsis TOR improves water use effi-
ciency and yield potential in transgenic rice (Bakshi et al., 2017).
However, whether TORC1-steered growth affects plant immunity
and, hence, whether TOR orchestrates growth–defense trade-offs
in plants remains to be tested.
Using rice as a model system and applying a combination of
chemical, genetic, genomic and cell-based analyses, we demon-
strate that TOR signaling not only coordinates plant growth and
development, but also alters susceptibility to fungal and bacterial
pathogens. Moreover, our findings offer novel insights into the
biological functions and regulatory mechanisms of TOR and sug-
gest that TOR suppresses PTI, at least in part, by antagonizing
the action of the defense hormones salicylic acid (SA) and jas-
monic acid (JA). We propose that TOR acts as a molecular
switch for the activation of cell proliferation and plant growth at
the expense of cellular immunity.
Materials and Methods
Plant materials and growth conditions
Unless noted otherwise, rice (Oryza sativa L.) plants (cultivar
Kitaake) were maintained in a glasshouse (28 2°C, 12 h pho-
toperiod). Plants were grown in commercial potting soil (Struc-
tural; Snebbout, Kaprijke, Belgium) and fertilized weekly until
flowering with a solution containing 0.2% iron sulfate and 0.1%
ammonium sulfate. For in vitro experiments, rice seeds were sur-
face sterilized by agitation in 2% sodium hypochlorite for
20 min, rinsed three times with sterile demineralized water and
cultivated under growth chamber conditions (12 h 28°C : 12 h
24°C, day : night photoperiod, and 70% relative humidity) on
Gamborg B5/1% plant agar medium (Duchefa Biochemie, Haar-
lem, the Netherlands).
Gene cloning and plasmid constructs
The coding sequences of OsTOR (LOC_Os05g14550) and
OsRaptor1 (LOC_Os12g01922) were amplified using cDNA
isolated from 2-wk-old Kitaake plants as PCR template. Total
RNA was isolated using Trizol (Invitrogen) and treated with
Turbo DNA-free DNAse (Ambion) following the manufac-
turer’s protocol. Two micrograms of total RNA were used for
cDNA synthesis employing Superscript II Reverse Transcrip-
tase (Thermo Fisher Scientific, Merelbeke, Ghent, Belgium)
and gene-specific reverse transcriptase primers (Supporting
Information Table S1). Given the large size of the full-length
TOR cDNA (7.4 kb), we amplified seven DNA fragments with
c. 25 bp overlap using Phusion polymerase (Thermo Fisher
Scientific). The primer combinations used were TOR_F1–F7
(Table S1). For the cloning of OsRaptor1, four separate
fragments were amplified using the primer combinations
Raptor1_F1–F4 (Table S1). PCR products of the expected size
were gel purified and 2 ll of each purified PCR product were
combined for a chimeric PCR without primers using the fol-
lowing conditions: denaturation at 95°C for 1 min, anneal-
ing at 42°C for 30 s, extension at 72°C for 30 s kb1, 12
cycles. The chimeric PCR was diluted 1 : 1000 and
employed as template in a PCR using the flanking primer
combinations TOR_FL and Raptor1_FL (Table S1). PCR
products of the correct size were gel purified and cloned
into pCR8/GW/TOPO vector (Invitrogen). We verified the
DNA sequence of the inserts by standard Sanger sequencing
and recombined the full-length OsTOR and OsRaptor1
coding sequences into the Gateway-compatible
pNC1300 :: Ubi destination vector (Chern et al., 2005) using
LR clonase reactions (Invitrogen).
To construct vectors for RNA interference (RNAi)-mediated
gene silencing, we used primers TOR_RNAi and Raptor1_RNAi
(Table S1) to amplify 440- and 401-bp fragments of OsTOR and
OsRaptor1, respectively. The PCR products were cloned into
pCR8/GW/TOPO and confirmed by sequencing. The inserts
were then recombined into the Gateway-compatible pANDA
vector (Miki & Shimamoto, 2004) using LR clonase
(Invitrogen).
Rice transformation
Rice transformation was performed as described previously
(Chern et al., 2005). Agrobacterium tumefaciens strain EHA105
was used to infect rice callus from cultivar Kitaake for transfor-
mation. Transgenic plants were selected on growth medium con-
taining hygromycin (40 mg l1) and genotyped by PCR using
primers Hyg-1 and Hyg-2 targeting the hygromycin selection
marker.
Pharmacological experiments
All chemicals were stored and dissolved in dimethyl sulfoxide
(DMSO) according to the manufacturer’s instructions. Aliquots
of stock solution were stored at 20°C at a concentration of 10–
30 mM. Plates containing Torin2 or Rapamycin were generally
prepared a couple of days before use. For hormone treatments,
the two youngest fully developed leaves from 4-wk-old seedlings
were detached, cut into 2-cm pieces and incubated overnight on
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sterilized distilled water to remove any residual wounding stress.
Hormone treatment was carried out in six-well plates by floating
detached leaf pieces on aqueous solutions containing the respec-
tive hormones. If not stated otherwise, hormones and TOR
inhibitors were administered throughout the entire duration of
the experiments.
Rice pathogen culture and inoculation assays
Xanthomonas oryzae pv. oryzae Bacterial inoculations were per-
formed with Xanthomonas oryzae pv. oryzae (Xoo) strain PXO99
(Philippine race 6) (Song et al., 1995) using the standard leaf-
clipping method. Before inoculation, the pathogen was grown on
sucrose peptone agar (SPA) and incubated at 28°C. For inocula-
tion experiments, single colonies were transferred to liquid SP
medium and grown for 24–48 h at 28°C, until the optical den-
sity at 600 nm (OD600) had reached 0.5. Six-week-old plants
were inoculated by clipping the fifth- and sixth-stage leaves of
each tiller with scissors dipped in the Xoo suspension. Twelve
days after inoculation, disease severity was assessed by measuring
the length of the water-soaked lesions. For bacterial growth anal-
ysis, inoculated leaves from three plants were pooled, ground
thoroughly using a mortar and pestle, and resuspended in 5–
10 ml of water. The leaf suspensions were diluted accordingly
and plated on SPA. Plates were incubated at 28°C in the dark
and colonies were counted within 2–3 d.
Smear inoculation was carried out as described previously
(Nozue et al., 2011). Rice leaves were smeared three times with
Xoo-soaked gauze. For mock treatments, water was used instead
of Xoo suspension.
Cochliobolus miyabeanus Cochliobolus miyabeanus strain
Cm988 (De Vleesschauwer et al., 2010) was grown for sporula-
tion at 28°C on PDA. Seven-day-old mycelium was flattened
onto the medium using a sterile spoon and exposed to blue light
for 3 d under the same conditions as mentioned above. On
sporulation, conidia were harvested exactly as stated in De Vleess-
chauwer et al. (2016). Plants were inoculated at the five-leaf stage
by spraying a final concentration of 29 104 spores ml1 in 0.5%
gelatin (type B bovine skin) until run-off. Inoculated plants were
kept in a dew chamber (≥92% relative humidity; 28 2°C) for
24 h and thereafter transferred to growth chamber conditions
(12 h 28°C : 12 h 24°C, day : night photoperiod, and 70% rela-
tive humidity) for disease development. Disease development was
assessed at 4 d post-inoculation using digital image analysis (APS
assess software; Lakhdar Lamari, Winnipeg, MB, Canada) for the
quantification of symptomatic leaf areas.
Rhizoctonia solani Rhizoctonia solani isolate 1–16, belonging
to anastomosis group AG-1 IA (De Vleesschauwer et al.,
2016), was maintained on potato dextrose agar (PDA).
Detached leaves of 6-wk-old plants were inoculated by care-
fully placing 0.6-cm-diameter agar plugs taken from 5-d-old
PDA cultures on the adaxial side of the leaves. Five days after
incubation under growth chamber conditions (12 h 28°C : 12 h
24°C, day : night photoperiod, and 70% relative humidity),
the area of the water-soaked disease lesions was quantified
using APS assess software.
Rice suspension cell cultures
Suspension cultures of rice cells (cultivar Kitaake) were grown
in modified amino acid (AA) medium on a rotary shaker
(120 rpm) at 28°C in the dark. The cells were subcultured in
fresh medium every week (10 ml old culture to 40 ml new
AA), and all experiments were performed 3 or 4 d after trans-
fer. The alkalinization response of the cells was measured using
a semi-micro pH electrode.
RNA extraction and quantitative reverse transcription-
polymerase chain reaction (qRT-PCR)
Total leaf RNA was extracted using TRIZOL reagent accord-
ing to the manufacturer’s protocol (Invitrogen) and subse-
quently treated with Turbo DNase (Ambion) to remove
genomic DNA contamination. First-strand cDNA was synthe-
sized from 2 mg of total RNA using Multiscribe reverse tran-
scriptase (Applied Biosystems, Foster City, CA, USA) and
random primers following the manufacturer’s instructions.
Quantitative PCR amplifications were conducted exactly as
described in De Vleesschauwer et al. (2016). The nucleotide
sequences of all primers used are listed in Table S1.
Microarray analysis and data processing
Rice suspension cells (cultivar Kitaake) were grown and treated
with 100 lM rapamycin as described previously. Samples from
mock-infected and brown spot-inoculated plants were taken at
24 h post-treatment. Three independent biological repetitions
were included in the analysis. For microarray analysis, we used
a previously described two-dye method allowing direct compar-
ison between two samples on the same microarray (Satoh
et al., 2010). In brief, cyanine 3- or cyanine 5-labelled cRNA
samples were synthesized from 850 ng of total RNA using a
low-input RNA labelling kit (Agilent Technologies, Santa
Clara, CA, USA) and hybridized to commercially available 60-
mer 44 K Agilent rice arrays according to the manufacturer’s
protocols (Agilent Technologies). A full list of the expressed
sequence tags (ESTs) represented on the array can be found at
http://ricexpro.dna.affrc.go.jp/rice-44k-microarray.html. Follow-
ing washing, slide image files were generated using a DNA
microarray scanner (Agilent Technologies) and signal intensities
were extracted and normalized within each array using Feature
Extraction version 9.5 (Agilent Technologies). Signal intensities
amongst all arrays were normalized according to the quantile
method for standardization (global scaling) using EXPANDER
6. All data are available in the Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/geo) database under the refer-
ence GSE93872. Significance analysis was performed using a
fixed linear model (LIMMA) implemented in Multiple Experi-
ment Viewer (MeV). Differentially expressed genes were
defined as genes with a false discovery rate of < 0.05 and at
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least three-fold difference in signal ratio. Gene ontology analy-
sis was performed with MapMan version 3.5.1 (Usadel et al.,
2009).
SA and JA measurements
Collected leaf samples were homogenized using liquid nitrogen,
and 100 mg of plant material was extracted for 24 h at 80°C
using 5 ml of the modified Bieleski solvent. After filtration (30-
kDa Amicon® Ultra centrifugal filter unit (Merck Millipore,
Overijse, Belgium), 30 min, 2900 g, 4°C) and evaporation (Tur-
bovap®, Biotage, Uppsala, Sweden; 10°C, until dryness), the
extract was reconstituted with 0.5 ml methanol/water (20 :80 v/v)
with 0.1% formic acid. Chromatographic separation was per-
formed on a U-HPLC system (Thermo Fisher Scientific)
equipped with a Nucleodur C18 column (509 2 mm; 1.8 lm
dp) and using a mobile phase gradient (300 ll min
1; solvent A:
0–1 min at 20%, 1–2.5 min from 20% to 45%; 2.5–9 min from
45% to 100%; 9–10 min at 100%; 10–14 min at 20%) consist-
ing of acidified (A) methanol (0.01% formic acid) and (B) water
(0.1% formic acid). Mass spectrometric analysis was carried out
in selected-ion monitoring (SIM; isolation window 1.0m/z)
mode with a Q ExactiveTM Orbitrap mass spectrometer (Thermo
Fisher Scientific), operating in negative electrospray ionization
mode at a resolution of 70 000 full width at half-maximum.
Statistical analyses
All statistical analyses were performed using the software package
IBM SPSS Statistics for Windows v.22 (Armonk, NY, USA). The
normality of the data was verified by means of the Kolmogorov–
Smirnov test (a = 0.05). The homoscedasticity of the data was
verified by means of the modified Levene test (a = 0.05). When
conditions of normality and homoscedasticity were fulfilled, data
were compared by means of one-way ANOVA. In cases in which
these conditions were not met, nonparametric tests (Kruskal–
Wallis and Mann–Whitney) were used.
Results
OsTOR drives transcriptional reprogramming of extensive
gene sets involved in central metabolism and defense
signaling
In a first attempt to shed light on the TOR signaling network in
crop plants, we investigated the global transcriptome changes in
rice suspension cells treated with the TOR-specific inhibitor
rapamycin. In yeasts and animals, rapamycin has been used
extensively to dissect TOR signaling. Although plant TOR is
considered to be poorly sensitive to rapamycin as a result of
mutations in the FKBP12 protein that prevent the assembly of
the inhibitory complex TOR–rapamycin–FKBP12 (Ren et al.,
2011, 2012), recent studies have shown that tomato and liquid-
medium A. thaliana seedlings are sensitive to micromolar doses
of rapamycin (Xiong & Sheen, 2012; Xiong et al., 2013, 2016).
Consistent with these findings, we identified 1948 up- and 1911
downregulated rice genes in response to 100 lM rapamycin
(Tables S2, S3). Gene ontology analysis confirmed that OsTOR
directs myriad metabolic and regulatory processes ranging from
primary and secondary metabolism to stress signaling, cell cycle
control and organization, metabolite and nutrient transport, pro-
tein and cell wall modifications, and hormone metabolism
(Fig. 1; Tables S4–S6). Much as in other organisms, OsTOR sig-
naling appears to activate predominantly anabolic and biosyn-
thetic processes, whilst repressing catabolism-associated reactions
(Tables S5, S6).
From this analysis, we identified > 120 genes encoding his-
tones, chromatin modulators, ribosomal proteins and protein
synthesis machineries that were significantly suppressed by
rapamycin treatment, consistent with the previously established
role of TOR in orchestrating transcriptional and translational
processes in other eukaryotic species (Table S4). Similarly, genes
implicated in cell cycle control, cell division and cell organiza-
tion, and DNA and RNA repair and processing were significantly
repressed. Rapamycin treatment also downregulated genes
involved in key anabolic processes, including amino acid, lipid
and nucleotide synthesis, but activated many genes mediating the
degradation of sugars, proteins, amino acids, lipids and xenobi-
otics. Notably, several starch-degrading enzyme isoforms (e.g.
alpha and beta amylases) were amongst the most strongly upregu-
lated targets, whereas starch synthases were mostly repressed,
implying an important role of TOR signaling in the regulation of
starch metabolism. Consistent with previous studies in
A. thaliana (Ren et al., 2012; Caldana et al., 2013; Xiong et al.,
2013, 2016), rapamycin-sensitive TOR signaling also affected a
number of genes involved in glycolysis, the tricarboxylic acid
(TCA) cycle and the electron transport chain, and activated
Fig. 1 Overview of biological processes regulated by OsTOR signaling as
determined by microarray analysis. Kitaake rice suspension cells were
treated with 100 lM rapamycin for 24 h and subjected to genome-wide
transcriptome analysis using 44 k rice GeneChips. The results showed that
OsTOR positively regulates anabolic processes, whilst suppressing
catabolic metabolism. In addition, OsTOR drives transcriptional
reprogramming of extensive gene sets implicated in stress tolerance and
plant defense responses.
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broad gene sets coding for the synthesis and modification of plant
cell walls and cell wall proteins, such as arabinogalactans,
extensins and expansins. Coupled with the extensive TOR regula-
tion of primary, secondary and cell wall metabolism was the dif-
ferential expression of a large set of genes coding for nutrient and
metabolite transporters (sucrose, inositol, sulfate and ammonium
transporters, and glucose-6-phosphate translocators), lipid
transfer proteins, protein secretion and targeting, and vesicle
trafficking.
In addition, a large number of stress-associated genes were acti-
vated on rapamycin treatment, including genes encoding heat
shock proteins, glutathione-S-transferases and redox-associated
enzymes, such as glutaredoxins, thioredoxins, catalases, ascorbate
peroxidases and glutathione reductases (Table S4). These changes
were observed alongside the induction of several pathogenesis-
related transcripts and the activation of numerous defense-
associated WRKY and MYB transcription factors. Most tellingly
in this regard, the disruption of TOR signaling by rapamycin led
to a > 30-fold induction of the SA master regulatory gene
OsWRKY45. Finally, rapamycin treatment triggered significant
upregulation of several genes implicated in the biosynthesis of
defense-associated secondary metabolites, such as lignin,
carotenoids, flavonoids, tocopherol and phenylpropanoids. Given
the widespread implication of these metabolites in plant defense
responses, these findings suggest that TOR not only regulates
growth and development, but may also impinge on the plant’s
innate immune system.
Identification of TOR and Raptor genes from rice
To further interrogate the potential function of TOR in orches-
trating growth–defense trade-offs, we first identified the TOR
and Raptor genes in the rice genome. Although two TOR genes
have been found in yeast, plants and mammals typically contain
a single TOR gene (Laplante & Sabatini, 2012). Consistent with
a recent study (Maegawa et al., 2015), we found a single rice
TOR homolog present on chromosome 5. The rice TOR gene
(OsTOR) spans a 25.933-kb genomic region with 58 exons and
57 introns (Fig. S1a), which is similar to the number of introns
found in TOR of A. thaliana (55) and Homo sapiens (56). The
gene codes for a predicted 2465-amino-acid-long protein con-
taining all domains characteristic of eukaryotic TOR proteins,
including the N-terminal HEAT, focal adhesion target (FAT)
and FKBP12/rapamycin-binding (FRB) motifs, as well as the
kinase and C-terminal FAT (FATC) domains. The alignment of
OsTOR with TOR protein sequences from other eukaryotes
showed a high degree of sequence identity, especially within the
kinase and FATC domains (Fig. S1b,c). Phylogenetic analysis
revealed that plant TOR proteins resolve to two clades, clearly
separating monocot and dicot species (Fig. S1d).
We found two loci encoding Raptor on chromosomes 12 and
11, designated OsRaptor1 and OsRaptor2. These genes are 8.527
and 5.969 kb in length (from translation initiation site to stop
codon) and contain 22 and 21 introns, respectively (Fig. S2a).
The predicted OsRaptor proteins contain the Raptor N-terminal
Conserved (RNC) domain, as well as the HEAT and WD40
motifs, and show 99% identity. OsRaptor2 lacks the N-terminal
142 amino acids of OsRaptor1, suggesting that it may be a trun-
cated paralog. Alignment of these sequences with mammalian
Raptor, the budding yeast Raptor homolog KOG1 and Raptor
proteins from A. thaliana and other plant species showed that
there is a striking degree of conservation amongst all Raptor
homologs (Fig. S2b,c). OsRaptor1 and the Saccharomyces
cereviseae Raptor homolog KOG1, the most divergent member
included in the analysis, show 37% identity throughout their
length.
TOR positively regulates growth and development in rice
We cloned the full-length OsTOR and OsRaptor1 genes by PCR
and generated transgenic rice lines expressing the cloned genes
under the control of a constitutive maize ubiquitin promoter.
Seven independent T0 lines for TOR OX and three for Raptor
OX were obtained, out of which 49 T1 lines were randomly
selected for further analysis (Table S7).
Consistent with previous reports in A. thaliana (Deprost et al.,
2007), overexpression of full-length OsTOR positively influ-
enced plant growth compared with wild-type Kitaake plants,
causing phenotypes including longer shoots, increased root
growth, enhanced tillering, earlier flowering and increased seed
yield (Fig. 2; Table S7). In addition, TOR-overexpressing lines
also showed an increase in epidermal and mesophyll cell size rela-
tive to nontransformed Kitaake (Figs 2i, S3). These phenotypes
correlated well with the presence of the transgene as verified by
PCR genotyping (Table S7). Moreover, qRT-PCR analysis
demonstrated that many of the lines showing improved growth
also exhibited increased expression of OsTOR relative to wild-
type and azygous controls (Table S7).
Overexpression of OsRaptor1 reproduced most of the pheno-
types observed for the OsTOR OX transgenics, whereas reduced
root and shoot growth was observed in rice lines silenced for
OsRaptor1 (Fig. 2). Despite several attempts, only three T0
OsRaptor1 RNAi lines were obtained. Analysis of T1 progeny
revealed a clear correlation between genotype and phenotype,
with lines carrying the transgene and displaying strongly reduced
expression of OsRaptor1 growing to a smaller size and more
slowly compared with wild-type and azygous controls (Fig. 2;
Table S7). Consistent with earlier work showing that reduced
TOR signaling extends lifespan in a number of model organisms
(Kapahi et al., 2004; Robida-Stubbs et al., 2012), silencing of
OsRaptor1 also affected senescence in detached leaf experiments.
In contrast with the phenotypes observed for the OsTOR OX
lines, OsRaptor1 RNAi plants showed downregulated expression
of the senescence-associated marker gene OsSAG39 and, accord-
ingly, delayed and reduced signs of visible yellowing relative to
wild-type plants and azygous controls (Fig. S3e,g).
To further extend these findings, we attempted to disrupt
TOR signaling by generating OsTOR RNAi plants. However,
only two T0 lines could be obtained and analysis of T1 progeny
identified only two plants with substantially reduced (> 40%)
OsTOR expression relative to the wild-type (Table S7). Interest-
ingly, these plants showed strong phenotypes, including severe
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(a) (d)(c)(b)
TOR OXAzygousRaptor 
RNAi
Raptor OX
(k)(j)
DMSO Rapa Torin2
TOR OX 
(5-12)
Raptor 
RNAi (1-2)Azygous
(i)
Azygous
TOR OX (5-12)
Raptor 
RNAi (1-2)
(h)(f)(e)
TOR OX (5-12)TOR RNAi (1-7) TOR RNAi (1-8) Azygous
(g)
Fig. 2 Target of rapamycin (TOR) positively regulates growth and development in rice plants. (a–g) Phenotypes of transgenic rice lines with increased or
decreased TOR signaling output. (a) Raptor (regulatory-associated protein of mTOR) RNAi (progeny of line Raptor RNAi 1-2), (b) azygous control, (c)
Raptor-overexpressing (progeny of line Raptor OX 5-15), (d) TOR-overexpressing (progeny of line TOR OX 5-12) and (e, f) TOR RNAi plants.
Photographs were taken 12wk after germination. Silencing of TOR results in dwarfed growth, sterility and formation of necrotic lesion mimics (as shown in
g), whereas TOR overexpression enhances tiller number, seed yield, epidermal and mesophyllic cell elongation, and root growth (h–j). (k) Chemical
disruption of TOR signaling with the TOR-specific inhibitors rapamycin (100 lM) and Torin2 (30 lM) slows vegetative growth of in vitro-grown Kitaake
plants. Photographs were taken 10 d after imbibition. DMSO, dimethyl sulfoxide. Bars: (a–f) 5 cm; (i) 50 lm; (j, k) 2 cm.
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dwarfism, defects in leaf number, color and shape, reduced tiller-
ing, delayed flowering and the rapid development of necrotic
lesion mimics (Fig. 2e,g). Moreover, none of the plants express-
ing the OsTOR RNAi construct and showing reduced OsTOR
expression produced viable seeds. These data indicate a strong
counterselection for the complete constitutive silencing of
OsTOR and, hence, are consistent with previous reports identify-
ing TOR as an essential gene in plants (Menand et al., 2002;
Deprost et al., 2007; Ren et al., 2011, 2012; Caldana et al.,
2013).
To circumvent the abovementioned lethality and to gain addi-
tional insight into the role of plant TOR signaling, we next pur-
sued a pharmacological approach, whereby wild-type rice plants
(cultivar Kitaake) were grown in vitro on medium containing
TOR-specific inhibitors. Treatment of rice seedlings with
increasing concentrations of rapamycin reduced root elongation
in a dose-dependent manner (Figs 2k, S3b,c). Consistent with
the reported role of AtTOR in auxin signal transduction (Schep-
etilnikov et al., 2013; Deng et al., 2016), rapamycin treatment
also led to a partial loss of root gravitropism (Fig. S3c). Reduced
root and shoot elongation was also observed in response to the
TOR ATP-competitive inhibitor, Torin2 (Fig. S3d). Together
with the strong phenotypes of the OsTOR and OsRaptor1 trans-
genics, these data establish TOR as a positive regulator of rice
growth and development.
TOR promotes disease susceptibility independent of the
pathogen’s lifestyle
To test whether TOR also molds the outcome of rice–pathogen
interactions, we challenged our transgenic lines with the
hemibiotrophic bacterium Xoo, the causal agent of bacterial leaf
blight disease. Six-week-old T1 progeny were examined for co-
segregation of genotype with phenotype by PCR analysis and
measurement of the length of the Xoo-induced leaf blight lesions
(Fig. 3). Interestingly, both OsTOR and OsRaptor1 OX plants
displayed significantly enhanced susceptibility to the virulent Xoo
strain PXO99 at 12 days post inoculation (dpi), with average
lesions of 8–12 cm relative to 5–6 cm on nontransformed Kitaake
and azygous controls (Fig. 3a,b,d). By contrast, OsRaptor1 RNAi
plants exhibited a c. 50% reduction in lesion length relative to
wild-type and azygous controls (Fig. 3c). In OsTOR OX lines,
growth parameters, such as tiller number, plant height, biomass
and seed weight, were inversely correlated with Xoo resistance
(Fig. S4). Bacterial growth analyses correlated well with lesion
length developments. At 16 dpi, PXO99 titers reached c.
29 1010 colony forming units (CFU) per leaf in OsTOR and
OsRaptor1 OX lines, a greater than 10-fold increase relative to
non-transformed Kitaake and azygous controls. In OsRaptor1
RNAi plants, however, PXO99 grew 10-fold less than in the con-
trols with populations leveling off to < 19 108 CFU per leaf
(Fig. 3e).
Because it cannot be ruled out that the enhanced disease resis-
tance seen in the OsRaptor1 RNAi plants is a result of pleiotropic
effects associated with the semi-dwarf phenotype of these lines,
we also tested the effect of transient TOR inhibition on Xoo
resistance. To this end, detached leaves of wild-type Kitaake
plants were smear inoculated with PXO99 as described previ-
ously (Nozue et al., 2011), and floated on aqueous solutions of
rapamcyin or Torin2. Xoo multiplication was monitored at 3-d
intervals. Consistent with the results from our OsRaptor1 RNAi
lines, both rapamycin and Torin2 treatment significantly
restricted Xoo multiplication (Fig. 3f,g). Together, these findings
strongly suggest that TOR acts as a negative regulator of resis-
tance to Xoo.
To analyze whether TOR also conditions susceptibility to
pathogens other than Xoo, we inoculated PCR-positive T3
progeny derived from two TOR OX lines, one Raptor OX line
and two Raptor RNAi lines with the necrotrophic fungi R. solani
and C. miyabeanus. Overexpression of TOR and Raptor1 ren-
dered plants hypersusceptible to both pathogens (Fig. 4a,b).
Interestingly, bioassays with previously described Arabidopsis
TOR mutant plants (Deprost et al., 2007) revealed a similar pic-
ture, with TOR-overexpressing and raptor1-1 mutants showing
increased and decreased susceptibility, respectively, against the
hemibiotrophic bacterium Pseudomonas syringae pv. tomato, the
necrotrophic leaf fungus Botrytis cinerea and the soil-borne vascu-
lar pathogen Verticillium longisporum (Fig. S5; Methods S1, S2).
Moreover, treatment of young lettuce seedlings with rapamycin
strongly reduced infection by the biotrophic oomycete pathogen
Bremia lactucae (Fig. S5; Methods S3).
TOR antagonizes PAMP-triggered immunity
The ability of TOR to enhance susceptibility against pathogens
exhibiting diverse lifestyles prompted us to test whether TOR
affects PTI. To this end, we investigated the effect of rapamycin
and Torin2 treatment on two PTI-associated immune responses
occurring at different time points after PAMP exposure: medium
alkalinization (a very early response indicative of membrane
depolarization) and defense gene activation (a later response).
Chitin and xylanase were selected as fungal PAMPs, whereas
Pseudomonas aeruginosa-derived lipopolysaccharides (LPSs) were
used as bacterial PAMPs.
As shown in Fig. S6, neither rapamycin nor Torin2 signifi-
cantly influenced the alkalinization response of rice suspension
cells treated with any of these PAMPs. However, both TOR
inhibitors strongly boosted chitin-inducible activation of the rice
PTI marker genes MLO, b-glucanase, PAL, PAL1 and PAL2,
with combined treatments resulting in a 4–10-fold higher expres-
sion compared with cells treated with inhibitors or chitin only
(Figs 5a, S7). Similar effects were observed in response to both
xylanase and LPS (Figs 5b, S7). Given the inability of rapamycin
and Torin2 to affect MAMP-triggered medium alkalinization,
these findings suggest that TOR does not interfere with the per-
ception of MAMPs per se, but rather alleviates PTI by interfering
downstream in the pathway. To test this hypothesis, we next
investigated the effect of TOR on the expression of PTI-driven
pathogen resistance. Five-week-old T3 TOR OX and Raptor
RNAi lines were treated with chitin for 8 h and subsequently
inoculated with C. miyabeanus. Pretreatment of detached leaves
of wild-type Kitaake plants with 100 lg ml1 chitin reduced the
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Fig. 3 OsTOR induces susceptibility to the bacterial leaf blight pathogen Xanthomonas oryzae pv. oryzae (Xoo). (a–c) Segregating T1 progeny were
genotyped for the presence of the transgene using hygromycin-specific primers. Closed bars represent plants carrying the transgene; open bars indicate
azygous controls. All progeny plants were inoculated with virulent Xoo strain PXO99 using the leaf clipping method and lesion lengths were measured 12 d
after inoculation. Data are means SD of at least three leaves. Asterisks indicate statistically significant differences relative to the nontransformed Kitaake
controls (Mann–Whitney, a = 0.05). These results show that target of rapamycin (TOR) signaling output is inversely correlated with resistance to Xoo.
Photographs illustrating representative disease symptoms were taken 12 d after inoculation and are shown in (d). (e) Xoo PXO99 populations in Kitaake, a
null transgene control and two independent T2 TOR OX and Raptor (regulatory-associated protein of mTOR) RNAi lines at 0–16 d after inoculation. Data
shown are means SD of three replicates of at least two pooled leaves. Asterisks indicate statistically significant differences relative to Kitaake samples for
each time point separately (Duncan, a = 0.05). (f, g) Blocking TOR signaling with rapamycin (100 lM) or Torin2 (30 lM) restricts Xoomultiplication in
wild-type plants. The two youngest fully developed leaves of 6-wk-old Kitaake plants were detached, smear inoculated with PXO99 and floated on
aqueous solutions containing dimethyl sulfoxide (DMSO) or TOR inhibitors. Bacterial densities were determined at 3-d intervals. Data are means SD of
three replicates of four pooled leaves. Asterisks indicate statistically significant differences relative to control Kitaake samples (Duncan, a = 0.05). One
repetition of the experiment yielded similar results. CFU, colony forming units.
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diseased leaf area by almost 30%, demonstrating the effectiveness
of chitin-inducible PTI under our experimental conditions
(Fig. 5c,d). Similar reductions in disease severity were obtained
in a Raptor RNAi background (Fig. 5d). However, overexpres-
sion of TOR almost completely attenuated the chitin-inducible
resistance observed in wild-type seedlings (Fig. 5d), further sug-
gesting a negative effect of TOR on downstream PTI signaling.
TOR negatively interacts with the defense hormones SA
and JA
Recent advances in plant immunity research have underscored
the central importance of plant hormone signaling in triggering
downstream immune responses (Pieterse et al., 2009; Robert-
Seilaniantz et al., 2011). In view of these findings and given the
ability of TOR inhibition to amplify late but not early PTI
responses, we hypothesized that TOR may subdue immunity, at
least in part, by interfering with the plant’s hormone signaling
network. Consistent with this hypothesis, we found several hor-
mone pathways, including those related to JA, ethylene, abscisic
acid, auxins and brassinosteroids, to be statistically over-
represented amongst the differentially expressed genes in our
microarray study (Tables S4–S6). Moreover, gene ontology terms
associated with the same hormone pathways were significantly
enriched within the top 100 OsTOR interacting proteins as pre-
dicted by the genome-scale network server RiceNet (Tables S8–
S11). RiceNet is a probabilistic functional gene network for rice
constructed using a modified Bayesian integration of many differ-
ent data types from several different organisms, with each data
type weighted according to how well it links genes that are known
to function together in rice (Lee et al., 2011, 2015). RiceNet
analysis also uncovered lipoxygenase, a domain characteristic of
JA biosynthetic enzymes, as the most significantly enriched motif
amongst the putative OsTOR interactors (Table S12). JA and SA
are central immunity hormones and their importance in the plant
defense network is well established (Pieterse et al., 2009; De
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Fig. 4 OsTOR conditions susceptibility towards the necrotrophic fungal pathogens Cochliobolus miyabeanus and Rhizoctonia solani. (a) T3 lines
overexpressing target of rapamycin (TOR) or Raptor (regulatory-associated protein of mTOR) are less resistant to infection with C. miyabeanus strain
Cm988 than wild-type Kitaake and null segregating control plants. Overexpression of TOR or Raptor also favors infection by the sheath blight pathogen
R. solani (b). Data shown are means SD. Bars with different letters are significantly different (Mann–Whitney, n ≥ 6, a = 0.05). Disease development was
assessed using digital image analysis for the quantification of symptomatic leaf areas. Leaves showing representative disease symptoms were
photographed (a) 4 and (b) 5 d post-inoculation, respectively. Experiments were repeated twice with similar results.
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Vleesschauwer et al., 2014). Therefore, to further elucidate how
OsTOR affects rice immunity, we focused on exploring its inter-
action with the rice SA and JA pathways.
Consistent with TOR antagonizing JA signaling, rapamycin
treatment potentiated the growth-repressive effect of exogenously
administered methyl jasmonate (MeJA) and boosted the expres-
sion of the JA marker genes JiPR10 and JaMYB in rice suspen-
sion cells inoculated with the supernatant of virulent Xoo cultures
(Fig. 6a,b). It should be noted that cells were infected with cul-
ture supernatant to prevent the rapid cell death seen in prelimi-
nary experiments using living Xoo bacteria. Treatment of
inoculated rice cells with rapamycin also resulted in a strong
upregulation of the SA marker genes NPR1 and WRKY45, sug-
gesting that endogenous TOR antagonizes both SA and JA sig-
naling in rice (Fig. 6a). In support of this hypothesis, we
observed increased expression of JA- and SA-responsive genes in
leaves of 3-wk-old TOR and Raptor RNAi plants, whereas
overexpression of TOR resulted in constitutive downregulation
of JA and SA marker genes (Fig. 6c). Moreover, TOR overex-
pressing plants exhibited a significant decrease in endogenous JA
content relative to wild-type Kitaake and azygous controls,
whereas OsRaptor RNAi accumulated approximately three times
the amount of JA and SA found in the non-transgenic controls
(Fig. 6d). Finally, silencing of OsRaptor1 primed SA- and JA-
dependent gene expression in response to exogenous benzothiadi-
azole (BTH) and MeJA treatments (Fig. 6e,f). Together, these
findings support the hypothesis that TOR enhances disease sus-
ceptibility, at least in part, through antagonistic crosstalk with SA
and JA.
Discussion
To survive, plants must adapt to changing environmental
conditions whilst optimizing their growth rate and
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reproductive success. When plants sense the presence of
pathogens, they activate a vast repertoire of energetically
costly defense programs, resulting in a temporary reduction
of investments made in growth. Although it has often been
hypothesized that the reallocation of energy and limited car-
bon pools underpin growth–defense trade-offs (Huot et al.,
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2014), little is known about the molecular mechanisms
orchestrating this regulation.
Recently, crosstalk between hormone signaling networks has
emerged as a crucial factor in partitioning growth–defense trade-
offs, with most reports focusing on the reciprocal antagonism
between the central defense hormones SA and JA on the one hand,
and the ‘growth hormones’ auxin, cytokinins, brassinosteroids and
gibberellins on the other (De Bruyne et al., 2014; Huot et al.,
2014; Naseem et al., 2014; Lozano-Duran & Zipfel, 2015; Bjorn-
son et al., 2016; De Vleesschauwer et al., 2016). New molecular
insights also highlight the cooperative function of specific signaling
components in balancing growth and defense, including the brassi-
nosteroid receptor BRI1, the bacterial flagellin receptor FLS2, the
photoreceptor phytochrome B, JA ZIM-domain (JAZ) proteins
and the transcriptional cascade formed by the transcription factors
BZR1 and HBI1 (Belkhadirl et al., 2014; Lozano-Duran & Zipfel,
2015; Campos et al., 2016). In adding to this list, our findings
uncover the master growth regulator TOR as a negative regulator
of plant immunity and support a scenario whereby TOR antago-
nizes plant defenses by interfering either directly or indirectly with
the classic defense hormones SA and JA. Considering the well-
established role of TOR in driving eukaryotic cell proliferation
and growth, these findings posit TOR at the nexus of growth and
defense signaling and establish TOR as a central command ele-
ment configuring the plant’s growth and immune programs.
Our results demonstrate that TOR activation can condition
susceptibility in multiple plant species and against different
pathogens, with examples of the latter exhibiting various parasitic
habits (e.g. biotrophy, hemibiotrophy and necrotrophy).
Although these results are compatible with a conserved role for
TOR in balancing growth and defense, it does not follow that
active TOR signaling triggers susceptibility to all pathogens.
Indeed, we did not see increased susceptibility to B. cinerea in the
Arabidopsis TOR OX plants. Moreover, contrary to our data,
Meteignier et al. (2017) failed to detect enhanced susceptibility
to P. syringae pv. tomato in their TOR OX lines, whereas Popa
et al. (2016) recently found Arabidopsis TOR RNAi plants to be
more susceptible to the bacterial wilt pathogen Ralstonia
solanacearum. These differences seen between different studies
and pathosystems suggest that the emerging new role of TOR in
modulating disease resistance depends on specialized features of
each interaction (e.g. strength of TOR signaling output), rather
than on the overall infection biology and lifestyle of the invading
pathogen. Thus, complex nuanced mechanisms seem to underlie
TOR modulation of plant biotic stresses.
In the absence of the adaptive immunity displayed by animals,
plants rely solely on innate immunity, which involves two tiers of
functionally interlinked immune responses, termed PTI and ETI
(Jones & Dangl, 2006). In addition to recent findings linking
ETI to translational repression of TOR (Meteignier et al., 2017),
our results hint at a potential role for TOR in intercepting PTI
responses. This notion was confirmed by the stimulatory effect of
rapamycin co-treatment on MAMP-induced expression of PTI
marker genes and the observation that TOR overexpression dis-
ables chitin-induced pathogen resistance. Interestingly,
rapamycin had no effect on early PTI events, such as medium
alkalinization, which raises the possibility that TOR dampens
PTI by interfering with downstream signaling. Although these
results should be interpreted with caution, because it is not
known at this stage whether rapamycin merely has a TOR-
inhibiting effect or might contribute more broadly by altering
the metabolic state of the cell, the involvement of TOR in PTI
seems apparent. Clearly, unraveling the molecular intricacies of
TOR–PTI signal interactions is an important challenge ahead.
Consistent with recent findings in A. thaliana (Dong et al.,
2015; Song et al., 2017), we found that pharmacological and
genetic disruption of TOR strongly boosts SA and JA responses
in rice. Given the paramount importance of both hormones in
orchestrating myriad defense reactions, these findings support the
notion that TOR restricts plant immunity, at least in part, by
antagonizing SA and JA. Importantly, such antagonistic intercon-
nection between TOR and SA/JA not only offers a mechanistic
framework for how TOR conditions broad-spectrum disease sus-
ceptibility, but also reinforces the emerging paradigm that
growth–defense antagonism is probably not caused by competi-
tion for limited metabolic resources, but rather by activation of
conflicting hormone signaling pathways (Eichmann & Schafer,
2015; Campos et al., 2016; Havko et al., 2016; Kliebenstein,
2016).
Theoretically, crosstalk between signaling pathways may occur
at the level of biosynthesis regulation, signal transduction and/or
gene expression. Although the elevated JA titers found in our
Raptor RNAi lines could be explained by the rapamycin-induced
activation of several JA biosynthetic genes (see Table S4), further
work will be required to unveil the exact mechanism(s) by which
TOR impinges on SA and JA pathways. To date, few plant TOR
substrates and phosphorylation targets have been identified, and
none of them are known to function in the SA or JA pathways
(Xiong & Sheen, 2015). Yet, the effect of TOR on SA and JA
responses may also be explained through its crosstalk with the
sucrose non-fermenting-related kinase 1 (SnRK1). SnRK1 is the
plant ortholog of the budding yeast SNF1 and mammalian
AMP-activated protein kinase (AMPK) (Hulsmans et al., 2016).
In contrast with TOR, these evolutionarily conserved kinases
safeguard cellular energy homeostasis and promote tolerance to
adverse conditions, partly through an induction of catabolic pro-
cesses and a general repression of anabolism. In animals, AMPK
and TOR interact in a mutually antagonistic fashion (Hindupur
et al., 2015). Aspirin, which is rapidly broken down to SA
in vivo, directly activates AMPK and inhibits mTOR signaling in
colorectal cancer cells (Din et al., 2012; Hawley et al., 2012).
Moreover, JA activates the expression of various SnRK1 interac-
tion partners in Arabidopsis leaves (Nietzsche et al., 2014). Fol-
lowing these data and given the rapidly emerging role of SnRK1
in steering multiple growth- and defense-related processes in
plants (Robaglia et al., 2012; Hulsmans et al., 2016), it is tempt-
ing to speculate that the TOR–SnRK1 regulatory module acts as
an integrative rheostat on which multiple signaling pathways
impinge, enabling effective fine-tuning of the balance between
growth and defense in a timely and cost-efficient manner.
During infection, pathogens engage in a battle to accommodate
their metabolic needs and often exploit host machinery that
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controls cellular metabolic processes. Considering the vital role of
TOR in coordinating and integrating a wide array of basic cellular
processes, it is not inconceivable that microbes attempt to subvert
host metabolism by targeting TOR. In support of this hypothesis,
it has been reported that TOR is strongly activated by the
Cauliflower Mosaic Virus (CaMV) TAV protein, with TAV–
TOR binding being critical for viral fitness (Schepetilnikov et al.,
2011). Moreover, TAV reduces the accumulation of SA and,
consequently, lowers basal defense to P. syringae pv. tomato in a
TOR-dependent manner (Zvereva et al., 2016). Alternatively, or
in parallel, pathogens may usurp plant growth-promoting
hormones to subvert host TOR signaling and induce a state of sus-
ceptibility. Xoo and many other pathogens produce and secrete
auxin themselves and also increase plant auxin biosynthesis and/or
signaling on infection (Fu et al., 2011; De Vleesschauwer et al.,
2013). Recent evidence has shown that auxin triggers TOR activa-
tion, followed by S6K1 phosphorylation and dissociation and effi-
cient translation reinitiation of polycistronic mRNAs
(Schepetilnikov et al., 2011, 2017). Other microbe-produced
growth hormones, such as cytokinins, gibberellins and brassinos-
teroids, are also thought to activate TOR signaling, potentially
explaining their immune-suppressive effects (Deprost et al., 2007;
Schepetilnikov et al., 2013; Dong et al., 2015; Zhang et al., 2016).
Despite the agricultural and economic importance of growth–
defense balance, past breeding efforts have mostly focused on the
optimization and maximization of growth-related traits, tipping
the energetic balance to favor growth over defense (Strange &
Scott, 2005). In this context, an understanding of the molecular
processes governing plant prioritization and diversion of resources
towards growth or defense can provide powerful tools to geneti-
cally tailor plants that optimize this balance to maximize fitness
under diverse agricultural settings. Based on the results presented
in this study, timely alterations of TOR activity, distinctly in speci-
fic cell types, to limit pathogen replication and to augment protec-
tive immune responses may be one approach to circumvent
growth–defense trade-offs. Likewise, targeted overexpression of
SnRK1 under the control of a tightly regulated and stress-inducible
promoter may break the link between enhanced stress tolerance
and growth restriction. Considering the vital importance of TOR
and SnRK1 in orchestrating myriad cellular and metabolic activi-
ties that drive cellular growth and immune function, further eluci-
dation of the action mechanisms of TOR and unraveling of the
molecular intricacies of TOR–SnRK1 interplay will create new
avenues for the development of crops that can maximize biomass
accumulation whilst efficiently defending against stress.
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